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Foxh1, a Smad DNA-binding partner, mediates
TGFb-dependent gene expression during early de-
velopment. Few Foxh1 targets are known. Here, we
describe a genome-wide approach that we devel-
oped that couples systematicmappingof a functional
Smad/Foxh1 enhancer (SFE) to Site Search, a pro-
gram used to search annotated genomes for com-
posite response elements. Ranking of SFEs that are
positionally conserved across species yielded a set
of genes enriched in Foxh1 targets. Analysis of top
candidates, such as Hesx1, Lgr4, Lmo1, Fgf8, and
members of the Aldh1a subfamily, revealed that
Foxh1 initiates a transcriptional regulatory network
within the developing anterior neuroectoderm. The
Aldh1a family is required for retinoic acid (RA) synthe-
sis, and, in Foxh1mutants, expression ofAldh1a1, -2,
and -3 and activation of a RA-responsive transgenic
reporter is abolished in anterior structures. Integrated
mapping of a developmental transcription factor net-
work thus reveals a key role for Foxh1 in patterning
and initiating RA signaling in the forebrain.
INTRODUCTION
Complex developmental processes are regulated by the interac-
tion of multiple signaling pathways converging on cells simulta-
neously or in sequence. The development of the forebrain from
a simple neuroepithelial sheet requires the action of many path-
ways, including those activated by Transforming Growth Factor
bs (TGFbs), Hedgehogs, Fibroblast Growth Factors (Fgfs), and
retinoic acid (RA) (Wilson and Houart, 2004). In order to under-
stand how these different signals are integrated to yield the com-
plex architecture of the forebrain and its derivatives, it is crucial
to identify the transcriptional targets of the individual pathways.DTGFb-superfamily members such as Activins, Nodals, and
BMPs play important roles in diverse developmental processes
and are key to cell patterning in the early embryo (Schier, 2003).
TGFbs initiate signaling through interactions with specific sub-
sets of serine/threonine kinase receptors, which transduce sig-
nals to Smads, which, in turn, interact with distinct DNA-binding
proteins to regulate the expression of target genes and specify
diverse biological responses (Attisano et al., 2001). The Smad
partner, Foxh1, is a DNA-binding, forkhead protein that trans-
ducesActivin/Nodal signals during early embryonic development
(Attisano et al., 2001). In themouse,Foxh1 is uniformly expressed
in embryos before and during gastrulation, is expressed in the
heart at embryonic day (E) 8.5, and subsequently disappears
(Weisberg et al., 1998). Foxh1mutants display a range of pheno-
types, including failure to specify the anterior-posterior axis,
primitive streak patterning, and anterior heart-field development
(Hoodless et al., 2001; von Both et al., 2004; Yamamoto et al.,
2001). Similar to Foxh1/mouse embryos, zebrafish Foxh1mu-
tants (sur) and Foxh1-depleted frog embryos display a loss of
organizer and axial mesendoderm structures, indicating an evo-
lutionarily conserved role for Foxh1 (Pogoda et al., 2000; Sirotkin
et al., 2000). Many of these defects are reminiscent of those
observed when TGFb/Nodal pathway members are mutated
(Schier, 2003; Whitman, 2001), consistent with a key role for
Foxh1 in transducing TGFb-like signals. Despite the importance
of Foxh1 activity in early development, only a few target genes
are known. These include Gsc, Lefty1, Lefty2, Nodal, Pitx2,
Mef2c, and Mixl1 (Izzi et al., 2007; Labbe´ et al., 1998; Saijoh
et al., 2000; Shiratori et al., 2001; Takaoka et al., 2006; von
Both et al., 2004). In frogs, Gsc, Antivin, Mix.2, Mixer, Pitx2,
Eomes, Xnr1, and Xlim-1 have also been implicated as Foxh1
target genes (reviewed in Whitman, 2001).
Identification of downstream targets of transcription factors is
key for understanding how they control biological processes.
Chromatin immunoprecipitation and microarray approaches
have been used on a genomic scale to identify transcription fac-
tor-binding sites and regulated genes (Sikder and Kodadek,
2005). However, limited availability of source tissue, dynamicevelopmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc. 411
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makes it difficult to use these techniques to investigate early de-
velopment. As an alternative, computational analysis has been
utilized to define the biological function of transcription factors
(Wasserman and Sandelin, 2004). However, these in silico
methods oftenmodel individual transcription factor-binding sites
and typically yield a large excess of functionally irrelevant sites
(Wasserman and Sandelin, 2004). To explore the regulation of
developmental pathways by Foxh1, we used an integrated ap-
proach that couples systematic mapping of functional Smad/
Foxh1 composite enhancers (SFEs) with an in silico-based
search. This expands the repertoire of Foxh1 target genes and
reveals a critical role for Foxh1 in regulating patterning and RA
signaling during forebrain development.
RESULTS
Determination of a Functional Foxh1- and TGFb-
Dependent Response Element
TGFb activation of Foxh1 target genes requires a composite re-
sponse element of Foxh1- and Smad-binding sites, allowing as-
sembly of a Smad/Foxh1 complex (Labbe´ et al., 1998). An 8 bp
Foxh1-binding site (AAT(C/A)(A/C)ACA; all sequences in the
manuscript are set in the 50 to 3 0 direction) was previously de-
fined by in vitro binding site selection (Zhou et al., 1998), whereas
Smads bind repeating AGAC motifs or GC-rich sequences (Shi
and Massague´, 2003). Therefore, to better understand Foxh1-
dependent gene regulation by Smads, we directly measured
transcriptional output rather than DNA binding. For this, bases
in and flanking the Foxh1 site of the Smad/Foxh1 enhancer
(SFE-l, SFE-long) from Gsc (Labbe´ et al., 1998) were system-
atically altered, and TGFb-induced activity was determined in
HepG2 cells expressing Foxh1. Whereas some substitutions
had little or no effect, others were poorly tolerated or abolished
reporter activity, including substitutions outside of the core 8
bp Foxh1-binding site (Figure 1A). Overexpression of Smad2
and Smad4 did not change the tolerance for nucleotide substitu-
tions (data not shown), consistent with the observation that
Foxh1 DNA binding is not affected by Smad recruitment to these
elements (Labbe´ et al., 1998). A similar analysis with human
FOXH1 was conducted (Figure 1B). Using an activity cutoff of
50% formouse Foxh1 and human FOXH1, we thus define a func-
tional Foxh1/FOXH1 site as a 10 bp sequence with acceptable
variability in positions 1, 5, and 10 (Figure 1C).
Wenext examined the relative orientation ofSmad-andFoxh1-
binding sites. Inversion of the entireGsc SFE increased basal ac-
tivity and maintained TGFb responsiveness (Figures 1D and 1E),
whereas inversion of the Foxh1-binding site alone (Figure 1D)
(Gsc SFiE-l) resulted in a marked reduction in TGFb-dependent
activation (Figure 1F). Thus, the orientation of the Foxh1 site
with respect to the TATA box is not important for activation of
Gsc SFE; however, the Smad sites must be located ‘‘upstream’’
of the Foxh1 site. TheGscSFE has two functional GC-rich Smad-
binding sites located between 32 and 75 bp upstream of the
Figure 1. Defining the Requirements for
a Functional Smad/Foxh1 Enhancer
(A–G) (A, B, E, F, and G [Right]) HepG2 cells were
transiently transfected with the indicatedwild-type
or mutant Gsc Smad/Foxh1 enhancer (SFE)-Luc
reporter constructs, without or with (A, E, F, and
G) murine or (B) human Foxh1. Luciferase activity
in lysates from cells incubated overnight in the ab-
sence (open bars) or presence of 100 pM TGFb
(closed bars), normalized to b-galactosidase, is
plotted as the mean ± SD of triplicates from a rep-
resentative experiment (RLU, relative light units).
(A and B) Summary from Gsc SFE-Luc reporters
harboring sequential single-nucleotide substitu-
tions in the Foxh1-binding site (position underlined
and change indicated on top right). TGFb-respon-
sive and Foxh1-dependent luciferase activity rela-
tive to wild-type control was determined (in per-
cent); dashes indicate values less than 5%. (C)
Logo of a functional Foxh1 consensus binding
motif based on a cutoff of 50% maximal activity
from (A), created with WebLogo (Crooks et al.,
2004). (D––G) Analysis of Smad and Foxh1 site ori-
entation and spacing requirements. (D and G
[Left]) Schematic representations of Gsc SFE-
Luc reporter constructs. Arrow indicates site
direction. Abbreviations: SFE, Smad/Foxh1 en-
hancer; SFiE, Smad/Foxh1-inverse enhancer; l,
long; s, short; si, short inverted.
412 Developmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc.
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tion of Potential Foxh1 Targets
(A) Parameters used within Site Search to identify
potential Foxh1 targets. A gene is scored positive
if it contains three partial Smad sites (GNCor CNG)
positioned within 5–50 bp upstream of a functional
consensus Foxh1 site having a maximum of one
acceptable nucleotide change (indicated) from
the ideal CAATCCACAA consensus and located
up to 15 kb upstream or 25 kb downstream within
introns of gene start sites.
(B) The number of genes that harbor Smad/Foxh1
(SF) elements in the mouse, human, and rat ge-
nomes, and the degree of overlap of identified ho-
mologs are shown in a proportional Venn diagram
(DrawVenn, http://apollo.cs.uvic.ca/euler). Genes
utilized for analysis of Smad/Foxh1 enhancer
(SFE) positional conservation between species
are circled.
(C) Positioning of SFEs around genes in which the
standard deviation of the Foxh1 site position for
mouse (green), human (red), and rat (blue) homo-
logs or the absolute difference for mouse and hu-
man geneswithout a known rat homolog (Homolo-
gene database) is less than 1 kb. The position of
Foxh1 sites (negative numbers, 50 of gene; positive
numbers, intronic) relative to gene starts (arrow) is
indicated. Previously identified Foxh1 targets (as-
terisk) and targets identified in this study (under-
lined) are marked. Gene names reflect the most
current Entrez Gene symbols.
(D) Expression analysis of putative Foxh1 targets
by real-time PCR. Changes (1.5-fold) in expres-
sion of genes in P19 cells treated overnight with
1 nM Activin relative to untreated controls (top),
in Day 8 EBs treated for 4 hr with 2 nMActivin (mid-
dle), and in pools of E8.5 Foxh1/ embryos re-
lative to wild-type (bottom) were determined.
Increased (red arrowheads), decreased (green
arrowheads), no change (nc), or no detectable
expression () are indicated. For EB data, all
changes in expression were observed in Foxh1+/+,
but not Foxh1/, EBs.Foxh1 site (Labbe´ et al., 1998). As Smad-binding sites are orien-
tation independent (Labbe´ et al., 1998; Zawel et al., 1998), we ex-
amined the spacing requirement between the Smad- and Foxh1-
binding sites, by using only the Foxh1-proximal Smad sites to
avoid shifting the distal and proximal Smad motifs into each
other’s wild-type positions (Figure 1G). Reduction of Smad and
Foxh1 site separation by 10 or 20 nucleotides yielded a slight
increase in signaling, whereas joining the sites (31) resulted in
a marked reduction, although TGFb responsiveness was re-
tained. Increasing the distance with a 10 bp sequence (GGAAAA
GATT) found naturally within the Gsc SFE decreased promoter
activation; minimal responsiveness was observed at distances
greater than 50 bp (Figure 1G). Using this functional approach,
we therefore define a TGFb-responsive SFE as a (C/G)AAT(C/
A)CACA(A/T) Foxh1 site with Smad sites located within 50 bp
upstream (Figure 2A). Comparison of our compound SFE with
known Foxh1 target elements (Figure S1; see the Supplemental
Data available with this article online) revealed concordance
with endogenous response elements, and, in particular, Smad/
Foxh1 spacing is conserved in the Gsc (31 nucleotides) andDeMix.2 (9 nucleotides) promoters, where Smad-binding sites
have been precisely defined (Labbe´ et al., 1998; Yeo et al., 1999).
In Silico Identification of Smad/Foxh1 Elements
by Using Site Search
Genome-wide identification of SFEs could reveal additional roles
for Foxh1 in early development. To identify these elements, we
developed Site Search, which searches annotated genomes
for a primary site, and up to two additional sites with variable
degeneracies, orientations, and distances from the primary
site. Furthermore, distances from a gene start can be specified,
and automated homolog searching allows for identification of
cross-species-conserved DNA regulatory elements. Using Site
Search, we identified putative SFEs in human, mouse, and rat
genomes up to 15 kb upstream of gene start sites and up to 25
kb downstream, but we restricted the search to introns (Fig-
ure 2A). This identified over 3000 genes in each species, with
only 95 common to all (Figure 2B; Tables S1–S4). As the annota-
tion of the rat genome is still evolving, we expanded this list to
include 74 genes common to human and mouse, but that werevelopmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc. 413
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larger list of 169 genes with putative SFEs. Searches of exons,
where regulatory elements have also been reported, identified
five additional genes with SFEs conserved in exons of human,
mouse, and rat (Ppgb, BC023892, 2600005O03Rik, Tomm22,
and Pla1a).
Next, we explored the conservation of SFE positioning by tab-
ulating the standard deviation of the Foxh1 site distance from the
annotated gene starts across the species. In cases without a rat
homolog, the difference in the distance between human and
mouse elements was determined. Applying a 1000 bp limit for
standard deviation/difference identified 21 genes (Figure 2C;
Table S6) that had SFEs that were overwhelmingly located within
6 kb of the gene starts (Figure S2). Analysis of this list revealed
that of six in vivo-confirmed murine Foxh1 target genes, only
Lefty2 was not identified due to the presence of two nucleotide
substitutions in the Foxh1-binding site (Figure S1A). Neverthe-
less, five (Gsc, Lefty1,Nodal,Pitx2,Mixl1 [83%]) of six known tar-
gets were represented (Izzi et al., 2007; Labbe´ et al., 1998; Saijoh
et al., 2000; Shiratori et al., 2001; Takaoka et al., 2006), indicating
that our in silico-based search with sequences defined via func-
tional assays successfully identified biologically relevant targets.
Analysis and Initial Validation of Putative
Foxh1 Target Genes
To gain insights into the biological activity of Foxh1, we con-
ducted a GO term enrichment analysis of our list of 5 known
and16putative target genesby usingDAVID, a program for batch
annotation and enrichment analysis (Dennis et al., 2003). As
expected, genes associated with the category ‘‘development’’
and its subcategories ‘‘embryonic development,’’ ‘‘determina-
tion of symmetry,’’ and ‘‘organmorphogenesis’’ were statistically
overrepresented (Figure S3). Overlaying of experimentally de-
rived gene expression data fromMGI source data andmicroarray
studies (Hill et al., 2004; Su et al., 2004) revealed that whereas
only 5% of all genes are known to be expressed at Theiler stage
13 (E9.25) or younger, 17/21 (81%) of our putative Foxh1 target
genes are associated with early developmental processes.
To validate the candidate Foxh1 target genes, we first used the
mouse embryonic teratocarcinomacell lineP19,which is respon-
sive to Activin and expresses endogenous Foxh1 (Labbe´ et al.,
1998). P19 cells were treated with Activin, and target gene ex-
pression was analyzed by real-time PCR. The known Foxh1 tar-
gets Nodal, Lefty1, and Pitx2 were all induced by Activin (data
not shown), and of the 16 candidate genes tested, 12 had detect-
able expression,with 5being increasedbyActivin (Aldh1a1,Fgf8,
Lgr4, Lmo1, and Fmnl3) and 1 being decreased (Hesx1) (Fig-
ure 2D). A similar analysis of 21 random genes from our list of
3798 mouse genes that satisfied our search criteria (Figure 2B;
Table S2) revealed that of 19 genes successfully amplified, only
1 (5.3%) displayed significant Activin-dependent change (Table
S9). Thus, our top 21 genes harboring SF elements are notably
enriched in Activin-responsive genes.
To determine whether the Activin inducibility observed in P19
cells is recapitulated in early developmental model systems and
is dependent on Foxh1, we examined target gene expression in
Foxh1+/+ and Foxh1/ embryoid bodies (EBs) and E8.5 mouse
embryos. Analysis of candidate targets revealed that of 11 ampli-
fied genes, 4 (36.4%) genes, all of whichwere upregulated in P19414 Developmental Cell 14, 411–423, March 2008 ª2008 Elsevier Incells, also displayed Activin induction in Foxh1+/+, but not
Foxh1/, EBs (Figure 2D and data not shown). The discrepancy
in Hesx1 responsiveness between P19s and EBs suggests that
Activin-regulated expression is context dependent. All of the Ac-
tivin-responsive genes in EBs, and 5 of 6 Activin-responsive
genes in P19s, showed significant differences between
Foxh1+/+ and Foxh1/ embryos (Figure 2D). Whereas most
were decreased in mutants, Fgf8 was increased (see below).
Two additional genes (Hn1l and Ank), not identified as being Ac-
tivin responsive in P19s or EBs, were also decreased in Foxh1/
embryos, whereas four genes were not amplified in any system,
perhaps due to low levels of expression. In summary, of 12
in silico-identified Foxh1 target genes for which expression
was successfully detected, 8 showed changes in expression
in P19s, EBs, and/or mouse embryos (67% of experimentally
tested genes).With the inclusion of the 5 known targets identified
in our searches, the success rate of identification climbs to
76.5%. Altogether, these results demonstrate that combining
functional analysis of response elements with evolutionarily con-
served positioning of in silico-identified Smad/Foxh1 elements
efficiently identifies bona fide Foxh1 targets.
A Foxh1-Dependent Transcriptional
Program in the Forebrain
To obtain in vivo validation of Foxh1 targets, we focused on those
whose expressionwas changed in two of the three systems stud-
ied above. The mRNA levels of Hesx1 (a homeobox gene), Lgr4
(an orphan G protein-coupled receptor), and Lmo1 (a LIM zinc-
binding domain-containing protein) were further examined at
E7.5 and E8.5 via quantitative PCR (qPCR). Analysis of mouse
embryo pools revealed that all three genes had decreased ex-
pression in Foxh1/ embryos that ranged from 5% to 50% rela-
tive to wild-type (Figures 3A–3C). We next examined the spatial
distribution of expression by whole-mount in situ hybridization.
Foxh1/ embryos show variable phenotypic penetrance. Em-
bryoswith the least severe developmental defects (Type I), which
have varying degrees of reduction of anterior brain structures
(Hoodless et al., 2001; Yamamoto et al., 2001), were utilized in
these studies. Hesx1 is expressed in the anterior neuroectoderm
of streak-stage embryos and becomes restricted to the forebrain
and Rathke’s pouch by E8.5 (Martinez-Barbera and Beddington,
2001). However, Foxh1/ embryos had no detectable expres-
sion of Hesx1, consistent with qPCR data (Figure 3A). Our analy-
sis of Lmo1 revealed expression in the prospective forebrain and
midbrain at E8.0 that was absent in Foxh1/ embryos (Fig-
ure 3B), whereas at later stages it was also weakly detected
within the trunk of wild-type and mutant embryos (data not
shown). In the case of Lgr4, transcripts were detected in the neu-
ral plate at E7.5 (data not shown) and were detected later in the
forebrain; expression was weaker in the hindbrain, posterior to
the heart, and in the base of the allantois (Figure 3C). Foxh1/
embryos at E8.5 showed no Lgr4 forebrain expression, whereas
hindbrain expression wasmaintained (Figure 3C) and no staining
was detected at E7.5 (data not shown). Fgf8 (a secreted growth
factor) is known to regulate embryonic development, including
patterning of the brain (Echevarria et al., 2005). In situ analysis re-
vealed that in Foxh1mutant embryos Fgf8 expression was com-
pletely lost in the forebrain and the anterior heart field (Figure 3D)
(von Both et al., 2004), whereas expression elsewhere was stillc.
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the mutant pool (Figure 3D) is thus likely due to mutants that
lack anterior structures and display Fgf8 expression throughout
the remaining tissue (data not shown).
Figure 3. Expression Analysis of In Silico-
Identified Foxh1 Targets
(A–D) (Left) mRNA levels in embryonic (E) day 7.5
and E8.5 Foxh1 wild-type (+/+) and mutant (/)
embryo pools were determined by qPCR and are
expressed relative to E7.5 wild-type levels (mean
± range as determined by the Comparative CT
Method) for each gene. (Right) Whole-mount in
situ hybridization on stage-matched Foxh1+/+
and Foxh1/ embryos by using DIG-labeled ri-
boprobes for identified Foxh1 targets (A) E8.1,
Hesx1; (B) E8.0, Lmo1; (C) E8.25, Lgr4; and (D)
E8.25, Fgf8. Embryos are shown from the left,
with anterior oriented toward the left; loss of rostral
expression domains (arrowheads) is indicated.
Rostral head folds, rhf; forebrain, fb; hindbrain,
hb; posterior to the heart, ptth; allantois, al; ante-
rior neural ridge, anr; isthmus, i; interior heart field,
x; and tail, t.
To determine whether the SF elements
from these genes have the potential to
mediate TGFb- and Foxh1-dependent
transcriptional activation, we isolated
SF motif-containing genomic DNA frag-
ments of 110 bp from the endogenous
mouse Hesx1, Lmo1, and Fgf8 genes
and tested their responsiveness in
HepG2 cells. Similar to the Gsc SFE,
both the Foxh1 site and the Smad site
clusters were required for maximal TGFb
responsiveness in each of these elements
(Figure 4). These results demonstrate that
Lgr4, Lmo1, Hesx1, and Fgf8 expression
in the prospective embryonic forebrain is
dependent on Foxh1.
Although Foxh1 is ubiquitously ex-
pressed in the early embryo, specific ex-
pression in the developing brain has not
been examined. Consistent with previ-
ous work (Labbe´ et al., 1998; Weisberg
et al., 1998), qPCR analysis revealed
that Foxh1 levels rapidly decreased
from E7.5 to E9.5 (Figure 5A). In addition,
analysis by whole-mount in situ revealed
Foxh1 expression in the developing neu-
ral tube, surface ectoderm, and head
mesenchyme, with the strongest staining
in the forebrain (Figure 5A). This is consis-
tent with Foxh1 directly contributing to
forebrain development. Therefore, to bet-
ter understand Foxh1 function in the de-
veloping brain, we next analyzed the
expression of various rostral neuroecto-
derm markers, none of which were iden-
tified in our searches (Figure 5B). We previously showed that at
E8.5 the forebrain marker Six3 was expressed in half of the
Foxh1/ embryos, although the size of the expression domain
was much reduced (Hoodless et al., 2001). In neural plate-stage
Developmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc. 415
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bryos in the prospective forebrain, although the region of staining
was consistently smaller than in wild-type embryos (Figure 5B).
Similarly, Pax6 and Emx2 were clearly detected in the prospec-
tive forebrain of Foxh1/ embryos (Figure 5B). Similar to En2
in the midbrain (Hoodless et al., 2001) and Fgf8 in the isthmus
(Yamamoto et al., 2001 and see above), expression of the mid-
brain markersDmbx1 andWnt1wasmaintained in Foxh1/ em-
bryos (Figure 5B), as was midbrain and forebrain expression of
Otx1 and Otx2 (Figure 5B). Altogether, these data indicate that
Foxh1 is not generally required for the initial neuroepithelial
patterning of the brain, but that it functions to induce a specific
transcription program in the developing forebrain.
Foxh1 Regulates the Aldh1a Subfamily of Genes, which
Are Crucial for Retinoic Acid Production in the Brain
We next examined our top 21 conserved SFE-containing genes
for additional forebrain targets that might define an integrated
transcription program. Interestingly, Aldh1a1 was also identified
and showed Activin responsiveness in P19 cells and EBs (Figures
2C and 2D). qPCR analysis of Aldh1a1 expression at E7.5 and
E8.5 revealed a pronounced decrease in Foxh1/ mutants (Fig-
ure 6A), consistent with our model that Foxh1 regulates anteriorly
expressed genes. Aldh1a1, along with Aldh1a2 and Aldh1a3
(formerly Raldh1, Raldh2, and Raldh3, respectively), mediate the
rate-limiting step of oxidizing retinal to RA, a keymodulator of nu-
merous developmental processes, including brain development
(Clagett-Dame and DeLuca, 2002; Marklund et al., 2004; Ribes
et al., 2006; Schneider et al., 2001). Despite their importance,
the molecular mechanisms regulating transcriptional activation
of these genes in the earliest stages of forebrain development
are unknown. Moreover, RA has been shown to regulate both
Fgf8 and Hesx1, both of which are Foxh1 targets (see above) in
the developing head (Ribes et al., 2006; Schneider et al., 2001).
As Aldh1a1 functions in conjunction with Aldh1a2 and Aldh1a3
in the developing head, we examined these genes more closely
and found that mouse and rat Aldh1a2 and Aldh1a3 have con-
served SFEs located in introns at 38 kb and 22 kb, respectively
(Tables S2 and S3). FOXH1-binding sites were also identified in
the human homologs, but they lacked clearly defined Smad sites
(data not shown). qPCR revealed that Aldh1a2 and Aldh1a3were
induced byActivin in P19 cells, and expression of both geneswas
decreased in E7.5 Foxh1/ embryos. However, at E8.5, although
Aldh1a3 was even further reduced, Aldh1a2 expression in mu-
tants increased to levels comparable to wild-type (Figures 6A–
6C). Since Aldh1a2 is also strongly expressed in the trunk at
E8.5, wepostulated thatAldh1a2 expression in themutantsmight
reflecthigh trunkexpression. Indeed, in situ analysis revealed that,
like Aldh1a1, the expression of Aldh1a2 and Aldh1a3 was com-
pletely lost in the developing head (Figures 6B and 6C), whereas
Aldh1a2 expression was maintained in the trunk (Figure 6B).
Finally, analysis of the isolated SFEs for all three murine Aldh1a-
subfamily members showed similar TGFb/Foxh1 responsiveness
as Gsc and the other SFEs described above (Figure 6).
The loss of Aldh1a1, Aldh1a2, and Aldh1a3 in Foxh1/ em-
bryos suggested that RA generation and signaling is perturbed
in the forebrain of mutants. Thus, we crossed a RARE-hspLacZ
RA-reporter transgene (Rossant et al., 1991) into our Foxh1 mu-
tant mouse line. In wild-type littermates, transgene activity was
observed in both the forebrain and trunk, as previously reported
(Figures 6D and 7A) (Rossant et al., 1991). However, in the devel-
oping heads of Foxh1/ embryos, no transgene activity was
observed, whereas trunk staining was comparable to wild-type
(Figure 6D). At E8.5, Pax6 is expressed in the entire forebrain,
including the emerging optic vesicles and surface ectoderm
(Grindley et al., 1995), where Aldh1a2 and Aldh1a3, respectively,
are also expressed (Molotkov et al., 2006). Double in situs against
Pax6 and LacZ in Foxh1/ embryos harboring the RARE-
hspLacZ transgene demonstrated that Foxh1/ embryos
Figure 4. Characterization of Hesx1, Lmo1, and Fgf8 Smad/Foxh1
Enhancers
(A–C) (Left) Schematic representations of Smad/Foxh1 enhancer (SFE)-Luc re-
porter constructs from (A) Hesx1, (B) Lmo1, and (C) Fgf8. The Foxh1 wild-type
(F) or mutant (Fm) site, orientation (gray arrowhead), and potential Smad sites
(gray lines) are shown. Numbering relative to the annotated gene start site is
indicated. (Right) Luciferase reporter activity in HepG2 cells transiently trans-
fected with the indicated enhancer variant, with (+) or without () Foxh1 and
Smad2 and Smad4 (S2/S4), incubated in the absence (open bars) or presence
(closed bars) of 100 pM TGFb, normalized to b-galactosidase and plotted as
themean ± SDof triplicates from a representative experiment, was determined
as in Figure 1. RLU, relative light units.
416 Developmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc.
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was observedwithinmutant heads (Figure 7A). Similarly, simulta-
neous detection of Pax6 andAldh1a2mRNA (Figure 7B) and pro-
tein (Figure 7C) in wild-type and Foxh1/ embryos revealed that
whereas anterior Aldh1a2 expression was lost, Pax6 expression
was maintained. Moreover, treatment of E8.5 RARE-hspLacZ
transgenic embryos overnight with RA in vitro revealed strong in-
duction of bgal in the prospective forebrain of Foxh1/embryos
(Figure 7D). Posteriorization of anterior neuroectoderm has
been reportedwhen late streak embryos are exposed toRA (Con-
lon and Rossant, 1992). However, RA-treated Foxh1/ embryos
showed only hindbrain-limited expansion of the RA-responsive
hindbrain marker Hoxb1 (Figure 7E) and retained expression of
the forebrain marker Pax6 (Figure 7F). Thus, the anterior neuro-
ectoderm is maintained in RA-treated mutant embryos, and RA
Figure 5. Anterior Neural Marker Expres-
sion in Foxh1/ Embryos
(A and B) (A [left]) Expression of Foxh1 in Foxh1
wild-type (+/+) or mutant (/) embryo pools de-
termined by qPCR. Results are expressed relative
to E7.5 wild-type levels (mean ± range as deter-
mined by the Comparative CT Method). (A [right]
and B) Whole-mount in situ hybridization with
DIG-labeled riboprobes for the indicated genes
in stage-matched Foxh1+/+ and Foxh1/ pairs.
Embryos are shown from the right. (A [right])
Foxh1 expression is seen in the heart, posterior
to the heart, allantois, and forebrain. Cross-sec-
tions (i, ii) indicate strong Foxh1 expression in the
neuroectoderm (ne), surface ectoderm (se), head
mesenchyme (hm), and the neuroectoderm of
the tail and hindbrain (dotted lines) at this stage
(E8.25). (B) Expression of fore- and midbrain
markers in Foxh1+/+ and Foxh1/ embryos (ar-
rowheads highlight positive forebrain stain in
mutants). Anterior neural plate, anp; hindbrain,
hb; neural tube, nt; first branchial arch, y. In R
E8.5 embryos, the fore-midbrain (white dash)
and mid-hindbrain (red dash) boundaries are
indicated.
responsiveness is not due to posteriori-
zation of the forebrain. Thus, although
Foxh1/ embryos maintain the major
rostral tissue sources of RA production
and the ability to respond to RA itself,
they are unable to produce RA due to the
absence of all three Aldh1a genes. These
studies demonstrate that Foxh1 controls
a transcriptional program in the forebrain
that includes the initiation of RA signal-
ing through the regulation of Aldh1a1,
Aldh1a2, and Aldh1a3 expression.
DISCUSSION
Development of an In Silico
Strategy to Identify Foxh1 Targets
Foxh1 is a key mediator of TGFb-like sig-
naling pathways during early embryonic
development, yet only a handful of Foxh1 target genes have
been described (Whitman, 2001). Identification of transcription
factor targets relevant to early development is difficult due to
the complexity of the embryo and the scarcity of material for bio-
chemical assays, making in silico-based approaches highly de-
sirable. However, in silico-based searches for target genes have
focused on in vitro derivation of transcription factor-binding site
consensus sequences, which typically yield over a 1000-fold ex-
cess of functionally irrelevant sites (Wasserman and Sandelin,
2004). As an alternative, we employed a heterologous reporter
assay in mammalian cells to precisely define the requirements
for a functional TGFb-responsive Smad/Foxh1 element. This re-
vealed a requirement for bases in addition to those defined by in
vitro Foxh1-binding site selection (Zhou et al., 1998) and allowed
us to define the positional requirements for adjacent Smad sites.
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three mammalian genomes and identified 169 positionally con-
served elements in genes that included both known and experi-
mentally validated (this study) Foxh1 targets. This strategy thus
identified bona fide Foxh1 target genes with high efficiency, ex-
tended the repertoire of known Foxh1 target genes, and revealed
Figure 6. Analysis of Aldh1a-Subfamily Expression in Foxh1/ Embryos
(A–C) (Left) Expression of Aldh1a1, Aldh1a2, and Adlh1a3 in E7.5 and E8.5 Foxh1 wild-type (+/+) or mutant (/) embryo pools was determined by qPCR, and
results are expressed relative to E7.5 wild-type levels (mean ± range as determined by the Comparative CT Method). (Middle) Whole-mount in situ hybridization
for Aldh1a1, Aldh1a2, and Adlh1a3 with DIG-labeled riboprobe of stage-matched E8.75 Foxh1+/+ and Foxh1/ embryos. Embryos are shown from the right.
(Right) Characterization of the Aldh1a-subfamily Smad1/Foxh1 enhancers (SFE). Luciferase reporter activity with (+) or without () Foxh1 incubated in the ab-
sence (open bars) or presence (closed bars) of 100 pM TGFb, normalized to b-galactosidase and plotted as the mean ± SD of triplicates from a representative
experiment, was determined as in Figure 1.
(D) E8.5 Foxh1+/+ and Foxh1/ embryos containing the RARE-hspLacZ transgene were stained with X-Gal to detect RA-dependent b-galactosidase activity.
Forebrain stain is lost in Foxh1/ embryos (arrowheads).
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Foxh1 in Forebrain DevelopmentFigure 7. Analysis of Retinoic Acid Signaling in Foxh1/ Embryos
(A and B) Double whole-mount in situ hybridization for fluorescein-labeled Pax6 and DIG-labeled (A) lacZ or (B) Aldh1a2 riboprobes in stage-matched Foxh1+/+
(+/+) or Foxh1/ (/) embryos either (A) hemizygous for RARE-hspLacZ (tg/wt) or (B) not. Bright-field image, BF; dark-field image, DF.
(C) Double whole-mount immunofluorescence analysis with anti-Pax6 (red) and anti-Aldh1a2 (green) antibodies in E9 Foxh1+/+ (+/+) or Foxh1/
(/) embryos counterstained with DAPI (blue). Sagittal optical sections are shown with anterior to the left and dorsal on top. Pax6-positive presumptive eye
field (arrow) and surface ectoderm (arrowhead) are marked.
(D–F) Stage-matched Foxh1+/+ (+/+) or Foxh1/ (/) embryos (D and E) hemizygous for the RARE-hspLacZ (tg/wt) or (F) not were treated in vitro with DMSO or
all-trans RA (1 mM). (D) Embryos were stained with X-Gal. (E) Embryos were subjected to whole-mount in situ hybridization for Hoxb1with an FITC-labeled ribop-
robe. Rhombomere 4 Hoxb1 expression is indicated (arrowhead). (F) Embryos were processed for whole-mount immunofluorescence analysis with an anti-Pax6
antibody (red) and were counterstained with DAPI (Blue). Images are sagittal optical sections of confocal-scanned embryo heads; anterior is oriented toward the
left, and dorsal is on top. Note the presence of the Pax6-positive presumptive eye field (arrow) and surface ectoderm in mutant embryos (arrowhead).
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initiation of RA signaling.
Our primary objective was to develop amethod to significantly
enhance detection of Foxh1 targets. A caveat is that by applying
strict criteria, real targets, such as Lefty2, may escape detection.
However, the presence of Aldh1a1 in our short list and knowl-
edge of its biochemical function led us to a detailed examination
of Aldh1a2 and Aldh1a3, which also possessed conserved
Foxh1 sites. This highlights the importance of overlaying Site
Search results with information on functional protein and meta-
bolic networks to further identify valid transcriptional targets.
Our analysis employed an optimal combined element for
Foxh1 and Smads that was derived from analysis of the Foxh1
target element in Gsc. Analysis of the Smad/Foxh1 element in
confirmed targets did not reveal any additional conserved se-
quences, consistent with the notion that Foxh1 and Smads alone
are sufficient for regulation of this type of Foxh1 target element
(Labbe´ et al., 1998). However, regulatory elements often require
combinatorial binding of multiple transcription factors (Wasser-
man and Sandelin, 2004). Indeed, we showed that maximal
TGFb-dependent induction of aMef2c enhancer requires the co-
operative interaction of Foxh1 andNkx2-5 (von Both et al., 2004).
In this case, the identified element does not conform to our
Smad/Foxh1 site, indicating that Foxh1 acting combinatorially
is more tolerant to nucleotide substitutions. Thus, we speculate
that there are two categories of Foxh1-dependent target genes.
Primary targets are those that contain ideal Foxh1 (Figure 1) and
properly positioned Smad sites and respond to TGFb signaling
alone. In contrast, secondary targets, comprised of weaker bind-
ing sites, require cooperation with other transcription factors,
thus integrating TGFb and other signaling pathways in a cell-
type-specific manner to refine developmental patterning. Nodal,
Lefty2, andPitx2 harbormultiple copies of the 8 bp central Foxh1
consensus, aswell as the longer functional 10 bp sequence iden-
tified here (Saijoh et al., 2000; Shiratori et al., 2001). It is intriguing
to speculate that the 8 bp sites might cooperate with other as yet
unknown factors to elicit the complex expression patterns of
these genes observed in vivo.
Identification of a Foxh1 Transcriptional
Program in the Forebrain
In fish, Foxh1 has been shown to be expressed within the devel-
oping forebrain (Sirotkin et al., 2000), and we show that it is ex-
pressed in the prospective forebrain of mice as well. Using Site
Search, we identified Lgr4, Lmo1, Hesx1, Fgf8, Aldh1a1,
Aldh1a2, and Aldh1a3 as having evolutionarily conserved
SFEs, and we further showed that expression of these genes
was lost specifically in the neural plate and prospective forebrain
of Foxh1/ embryos (Figure 8A). Disruption of either Lgr4 or
Lmo1 indicates that neither are individually required for brain de-
velopment (Mazerbourg et al., 2004; Tse et al., 2004); however,
as part of a Foxh1 synexpression group, they may play subtle,
yet important, roles in patterning the developing neuroectoderm.
In contrast, Hesx1/ mice show severe reductions in forebrain
tissues (Martinez-Barbera and Beddington, 2001), and Fgf8 is
also crucial to brain development, the loss of which results in in-
creased cell death and decreased proliferation of the neuroepi-
thelium (Ribes et al., 2006; Schneider et al., 2001). Lost expres-
sion of these targets in Foxh1/ embryos is not likely due to
a lack of the anterior neural ridge (ANR), as mutants maintain
Pitx2 expression in the ANR-derived stomodeum (Rathke’s
pouch) (Drouin et al., 1998; Hoodless et al., 2001); these results
are supported by zebrafish studies of sur (Foxh1) mutants (Con-
cha et al., 2000). Furthermore, the presence of forebrain and
midbrain markers in Foxh1/ embryos indicates that there is
A/P patterning in the presumptive brain of Foxh1/ embryos,
but that expression of Foxh1 targets is lost (Figure 8A). Indeed,
double in situs revealed that anterior Pax6-positive tissues,
which produce RA, are retained in mutants; however, the ability
to produce RA is not, due to loss of Aldh1a expression. Thus, we
propose that Foxh1 is not required for the initial patterning of the
anterior neural plate (ANP), but that it regulates a synexpression
group within it and its derivatives that is required for proper
development.
Both Nodal and Foxh1 are required for definitive endoderm
and axial mesendoderm formation. These tissues have been
Figure 8. Summary of Foxh1 Target Gene Synexpression Group
within the Developing Forebrain
(A) Schematic representation of the anterior gene expression profile in Foxh1/
embryos. Findings are shown on a symbolized E8.5 wild-type brain highlight-
ing known subdomains. Each color-coded bar represents the expression do-
main(s) of herein tested or published (En2) brain markers. Identified Foxh1 tar-
get genes are shown on the left; controls are listed on the right, and loss () and
maintenance (+) of expression in Foxh1/ embryos are indicated. Boundaries
of the forebrain (fb), midbrain (mb), and hindbrain (hb) are drawn (dashed lines).
The model is adapted from Liguori et al. (2003).
(B) A model of a Foxh1-dependent synexpression group within the developing
forebrain. Solid lines indicate direct molecular interactions; dashed lines indi-
cate interactions that may or may not be direct.
420 Developmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc.
Developmental Cell
Foxh1 in Forebrain Developmentimplicated in patterning the ANP (Camus et al., 2000; Martinez-
Barbera and Beddington, 2001). However, the defects observed
in the neuroectoderm of Nodalmutants are not all believed to be
a result of defective underlying axial tissues, as a cell-autono-
mous role forNodal signaling in the anterior neuroectodermof ze-
brafish has been shown (Mathieu et al., 2002; Strahle et al., 1997),
and mutation of the Nodal coreceptor Cripto, which abrogates
node development, allows for proper anterior-posterior pattern-
ing of neural ectoderm (Liguori et al., 2003). However, in mouse
embryos, Nodal is not expressed within the anterior neuroecto-
derm (Lowe et al., 2001), but TGFb-like signaling, as determined
bymeasuring activated Smad2, is detected in the ANP, develop-
ing forebrain, and cephalic mesoderm of E7.5 and 8.5 embryos
(de Sousa Lopes et al., 2003). Thus, Foxh1 likely functions with
activated Smads in the prospective forebrain in response to
TGFb ligands such as TGFb2 and GDF1, which are expressed
in the early head folds and developing forebrain (Dickson et al.,
1993; Wall et al., 2000). In agreement with this, while Hesx1 ex-
pression is Nodal independent (Camus et al., 2006; Lowe et al.,
2001), Acvr2a/;Acvr2b+/ embryos, which have low levels of
TGFb-like receptors, show rostral neuroectoderm defects and
have greatly reduced Hesx1 expression (Song et al., 1999). Fur-
thermore,Smad2+/;Smad3/ andSmad2+/;Smad3+/mouse
embryos shownoFgf8 expression in theANRdespite having oth-
erwise properly patterned forebrains (Dunn et al., 2004; Liu et al.,
2004). Taken together with the data presented above, these
results support the notion that Foxh1 responds to TGFb signals
to regulate a synexpression group within the prospective fore-
brain, which is crucial for its patterning and development.
Foxh1 Regulates Anterior Retinoic Acid Signaling
Aldh1a1, Aldh1a2, and Aldh1a3, which metabolize Vitamin A to
RA, are expressed in distinct patterns in the developing head
starting from E8.5 to E9 (Clagett-Dame and DeLuca, 2002). In
Foxh1/ embryos, we found that anterior, but not trunk, expres-
sion was lost, resulting in the absence of RA signaling within the
developing head. Furthermore, anterior Fgf8 and Hesx1 expres-
sion is reduced in embryos with reduced RA signaling (Ribes
et al., 2006; Schneider et al., 2001). Thus, we propose that
the TGFb-Smad-Foxh1 pathway initiates Fgf8-, Hesx1-, and
Aldh1a-subfamily expression in the forebrain. The subsequent
generation of RA can then synergize with the Smad-Foxh1 path-
way tomaintain or enhance expression of Fgf8,Hesx1, and, pos-
sibly, other targets (Figure 8B). This cascade likely extends to
Foxg1 (formerly Bf1), which is an Fgf8 target in the forebrain (Ri-
bes et al., 2006) and is accordingly absent in Foxh1/ embryos
(data not shown). Foxg1 is a negative regulator of Foxh1 and
Smads (Dou et al., 2000) and thus may participate in the
Foxh1-RA regulatory network as part of a negative-feedback
loop (Figure 8B). RA regulates TGFb expression in the neuroepi-
thelium of neural plate-stage embryos and in numerous other bi-
ological systems, and crosstalk between TGFb and RA has been
observed during orofacial development (Greene and Pisano,
2005). Our studies suggest that this crosstalk is initiated at the
earliest stages of anterior development through the initiation of
RA signaling by Foxh1 in the forebrain. RA has also been sug-
gested to act as a permissive factor for the asymmetric expres-
sion of the Foxh1 targets Lefty1, Lefty2, and Nodal during the
left/right patterning of the trunk (Wasiak and Lohnes, 1999).DeThus, TGFb and RA cooperation may be reiteratively used in di-
verse developmental systems. In summary, our combined func-
tional and in silico approach has demonstrated the importance of
TGFb in regulating RA signaling during forebrain patterning. We
anticipate that the application of this method in other contexts
will be useful in mapping transcription factor networks that func-
tion in early development.
EXPERIMENTAL PROCEDURES
Reporter Constructs and Transcriptional Response Assay
The Gsc SFE-l-Luc reporter (602/516 in Labbe´ et al., 1998) is comprised of
a Gsc enhancer fragment in a modified pGL2P-E1B vector. All other Gsc
SFEs were constructed by PCR by usingGsc SFE-l-Luc as a template. Endog-
enous SFEs were PCR amplified from mouse genomic DNA. Mutant versions
of the Foxh1 sites from enhancers used in these studies were (G/C)AAT(C/
A)CACA(A/T)/ (G/C)AAT(C/A)tAaA(A/T). HepG2 transfections and luciferase
assays were as described previously (Labbe´ et al., 1998).
Development of Site Search
All genome data were obtained from the National Center for Biological Infor-
mation ftp sites (ftp://ftp.ncbi.nih.gov/genbank/genomes/ and ftp://ftp.ncbi.
nih.gov/pub/HomoloGene/) and then parsed into MySQL tables. Site Search,
available upon request and at http://www.sitesearch.mshri.on.ca, operates
through an Apache web server and a MySQL DBMS. The user interface and
searching processes are programmed in PHP.
Whole-Mount In Situ Hybridization, Immunofluorescence,
Real-Time PCR, and qPCR Analysis
Single whole-mount in situ hybridizations were performed as described (von
Both et al., 2004), by using digoxigenin (DIG)-labeled probes (Table S7). For
double in situs, fluorescein-labeled Pax6 and DIG-labeled Aldh1a2 or nßgal
(LacZ) probes were detected with anti-fluorescein antibody and Fast Red
TR/naphthol-AS-phosphate or with anti-DIG antibody and BM Purple. Fast
Red signal was removed by washing in methanol. Bright-field/fluorescence
images were taken with a stereomicroscope (MZ FL III, Leica) equipped with
a monochrome camera, and bright-field images were taken with either an
RS Photometrics CoolSNAP or QImaging Micropublisher 5.0 camera attached
to a Leica MZ9.5 with a Plan Apo 1.03 lens. A minimum of three embryos per
genotype was analyzed per probe.
Whole-mount immunofluorescence microscopy was performed according
to standard protocols. Briefly, embryos were permeabilized with PBS contain-
ing 0.5% Triton X-100, were blocked in 1%blocking reagent (Roche) with 10%
heat-inactivated serum, and were incubated overnight with mouse a-Pax6
(1:20, DSHB) or rabbit a-Aldh1a2 (1:4000) (Moss et al., 1998) antibodies.
Embryos were washed and incubated overnight with donkey Alexa Fluor 488
a-rabbit and/or Alexa Fluor 647 a-mouse secondary antibodies (1:500, Invitro-
gen), washed, counterstainedwithDAPI (Sigma), and cleared in benzyl alcohol/
bezyl benzoate (BABB) (Sigma). Confocal images were acquired with an Axio-
vert200M inverted microscope (Zeiss) equipped with a 203/NA 0.75 objective
lens, aCSU10 spinning disc confocal unit (Yokogawa), and aC9100-12 camera
(Hamamatsu) by using Volocity software (Improvision).
For analysis of mRNA levels, RNA was isolated from P19 cells, either un-
treated or treated overnight with 1 nM Activin A (R&D Systems), by using the
RNeasy Mini Kit (QIAGEN). For EB assays, ES cells were passaged and grown
in hanging-drop cultures as previously described (Izzi et al., 2007), except that
EBs from 2 day hanging-drop cultures were transferred to 24-well, ultra-low
attachment plates prior to treatment (4 hr) with 2 nM Activin. RNA was isolated
by using the Absolutely RNA Microprep Kit (Stratagene). Embryonic RNA,
PCR-genotyped for Foxh1 (Hoodless et al., 2001), was isolated by using TRIzol
reagent (Invitrogen) from pools of 8–13 wild-type or a mixture of Type I and
Type II embryos for E7.5 and E8.5 and 2 wild-type or Type I embryos for
E9.5. Quantitative PCR (qPCR) was performed with validated primers (Tables
S8 and S9) as previously described (Izzi et al., 2007). For real-time PCR anal-
ysis, Ct values were either Hprt (P19s and embryos) or Gapdh (EBs) corrected
and subjected to a t-test to determine statistical differences between samples.velopmental Cell 14, 411–423, March 2008 ª2008 Elsevier Inc. 421
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For the detection of RA signaling in Foxh1/ embryos,malemice homozygous
for the RARE-hspLacZ transgene (Rossant et al., 1991) were crossed with
Foxh1+/ mice (Hoodless et al., 2001). Double heterozygotes were crossed
back to the parental transgenic strain, and males heterozygous for Foxh1
and homozygous forRARE-hspLacZwere identified by PCR and LacZ screen-
ing of progeny. These were crossed to Foxh1+/ females, and embryos were
screened for LacZ activity at E8.5 as described previously (von Both et al.,
2004). In vitro RA treatment was performed by using 1 mM all-trans RA (Sigma)
as described (Moss et al., 1998), except that embryos were incubated for 13 hr
in EB medium in ultra-low attachment plates, followed by X-Gal staining for
24 hr at room temperature (von Both et al., 2004).
SUPPLEMENTAL DATA
Supplemental Data include alignments of known Foxh1-binding sites, com-
plete gene lists generated by Site Search, additional analysis for these gene
lists, and information on the probes and primers utilized in this study and are
available at http://www.developmentalcell.com/cgi/content/full/14/3/411/
DC1/.
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